Two polyethylene types with ultra-high (UHMW-PE) and high molecular weight (HMW-PE) used as neutron radiation shielding materials in casks for radioactive waste were irradiated with doses up to 600 kGy using a 60 Co gamma source. Subsequently, thermal aging at 125
Introduction
Polyethylenes with high molecular weight (HMW-PE) or ultra-high molecular weight (UHMW-PE) have special properties such as good impact strength, abrasion resistance, and chemical stability [1] . Because of their high hydrogen content, they are also used as neutron radiation shielding material in casks for transport and/or storage of radioactive material [2, 3] . In this application, the materials are exposed to high gamma radiation doses at elevated temperatures over long time periods.
To investigate the long-term material behavior relevant for this application, two different (U)HMW-PE materials were subjected to gamma irradiation and elevated temperature with doses and temperature comparable to those experienced during service. Property changes of these materials resulting from irradiation were already examined in [3] [4] [5] and could be attributed as well to chain scission reactions as cross-linking of the material. Chain scission became evident via the increased melting temperature and higher degree of crystallinity of the irradiated materials and cross-linking via the high increase in gel content and formation of a rubbery plateau.
The strong discoloration that was observed after irradiation changed again when subsequent thermal aging was applied. Investigating the development of discoloration in these materials and their origins as discussed in this paper can help to elucidate the physical-chemical degradation mechanisms acting in these materials when irradiation and thermal loads are applied. Furthermore, the molecular changes of the samples were analyzed and the materials were compared with regard to their degradation effects.
Irradiation and exposure to oxygen (either during irradiation or afterwards) lead to oxidation of the PE materials. The oxidation mechanisms of (U)HMW-PE have been discussed in detail previously [6] [7] [8] [9] [10] [11] . The first step of oxidation is the formation of alkyl macroradicals which react with the oxygen dissolved in the polymer, forming peroxy radicals. If these 2 International Journal of Polymer Science peroxy radicals abstract hydrogen from another polymer chain (thus creating another alkyl radical), they become hydroperoxides. Under the influence of temperature, they decompose into carbonyls and other radical species such as hydroxyl radicals as well as alkoxy and alkyl macroradicals. Further oxidation species include carboxylic acids and alcohols as well as unsaturated species. The mentioned reaction products, which are formed both by thermooxidation and by postirradiation oxidation [7] , can lead to discoloration of the material (see below). Furthermore, the oxidation rate depends, besides termination reactions and cross-linking, on oxygen availability and radical mobility [8] , both of which are lower in the crystalline regions of the polymer. This is related to the degradation of amorphous phase and the resulting relative increasing content of crystalline phase or/and the reduction of molecular weight and the possible postcrystallization in the material. This has to be taken into account when analyzing bulk properties. Colorimetry and UV-Vis spectroscopy were applied to characterize the color changes in detail. Changes in color after irradiation have been attributed to the formation of annealable or permanent color centers [12] . Annealable color centers are correlated to macroradicals (e.g., alkyl and allyl) that are trapped in rigid (glassy or crystalline) polymer matrices. At elevated temperatures, when the molecules have a higher mobility, the radicals can recombine or oxidize, thus annihilating the color center. On the other hand, permanent color centers are correlated to the formation of stable chemical species [13] . DSC measurements were performed for detecting changes of crystallinity related to the formation of annealable color centers. Furthermore, Fourier-transform infrared (FTIR) spectroscopy was carried out for investigating the formation of chemical species that contribute to discoloration.
In 2016 preliminary results were presented as a poster contribution to the Ionizing Radiation and Polymers Conference (IRaP) 2016 in Gience, France. Based on these results, additional investigations allowed for the in-depth discussion of color changes by irradiation and annealing presented in this paper.
Experimental

Materials.
The analyzed linear UHMW-PE material is a GUR 4120 from Ticona (Celanese) containing a corrosion stabilizer. However, in earlier investigations [3] , the UHMW-PE exhibited no measurable oxidation induction time (OIT), so that the contained corrosion stabilizer apparently has no effect on the oxidation of the material. According to the manufacturer, the UHMW-PE has a molecular weight of about 5 million g/mol, which is more than ten times that of HMW-PEs.
The HMW-PE used in this study is a high-density Lupolen 5261 Z from Lyondell Basell and contains the sterically hindered primary phenolic antioxidant Irganox 1076 according to the material data sheet.
The polymers were processed by compression molding into blocks that were cut into pieces of about 40 mm × 80 mm × 200 mm.
Irradiation and Thermal
Aging. The samples were irradiated under air at ambient conditions with a 60 Co gamma source by Synergy Health Radeberg GmbH, Germany, with an average dose rate of approximately 3 kGy/h. The effected absorbed doses of 50, 100, 200, 400, and 600 kGy were confirmed using a dosimeter. The absorbed dose is assumed to be homogeneous over the material thickness (4 cm) as the appropriate half value layer for PE is much larger (about 12 cm [14] ). Furthermore, the samples were moved in a square around the gamma source, so that the radiation was applied from all sides, promoting a homogeneous dose distribution in the samples. Even though the irradiated blocks are comparatively thick, homogeneous oxidation after irradiation is assumed due to postirradiation oxidation; that is, there was enough time (several weeks between irradiation and examination) for the oxygen to diffuse into the sample and react with available radicals. Afterwards, irradiated as well as untreated blocks were thermally aged in an oven at 125 ∘ C for periods of 31 days, 183 days, and 366 days.
Characterization.
All samples for the measurements were prepared from the interior part of the treated blocks, as the bulk properties and not the surface properties are relevant for the application as neutron shielding material. The blocks were cut into slices of 4 mm thickness, thus decreasing the diffusion path and accelerating postirradiation oxidation [15] of reactive species formed during irradiation in the bulk. The colorimetry measurements were performed in reflection mode using a Minolta Spectrophotometer CM-2600d with a wavelength range of 360 nm to 740 nm, d/8 (diffuse illumination, 8 ∘ viewing), 10 ∘ observer, observation mask diameter 6 mm. UHMW-PE and HMW-PE samples with a size of 200 mm × 80 mm × 4 mm were tested. In the case of UHMW-PE samples, measurements were conducted at three different points of the longer axis, all equally distant from each other. All samples were positioned over a black substrate to ensure a defined reference background and to avoid reflections from a light background. Calibration (zero and white standard) was done every 30 measurements. In the case of HMW-PE which exhibited black spots after thermal aging (cf. Figure 8 ), measurements were performed only in regions without black spots. The number of measurements varied from 3 to 5 until a standard deviation lower than 1% was obtained. The measured spectral reflectance data were transformed into the CIE- * * * color coordinate system (according to EN ISO 11664-4), where * is a measure of the lightness and * indicates the position on the redgreen-axis and * the one on the blue-yellow axis [16] . The yellowness index (YI) was used to quantify the total color change of a material. It takes into account changes in all * * * coordinates and the contribution of each coordinate to the development of yellow color. It is calculated according to [17] YI = 100 ( 0.72
The UV-Vis measurements were conducted on the same samples using a Varian Cary 300 UV-Vis Spectrometer and
International Journal of Polymer Science 3 a LabSphere DRA-30I integrating sphere in double beam transmission mode. The use of an integrating sphere was necessary as the sample thickness of 4 mm and the high degree of crystallinity causes considerable stray light. The thickness of the samples also causes high UV absorption. In order to extend the effective detection limit, the measurements were carried out using an attenuated reference beam. The baseline was corrected for 100% transmission. All UV-Vis measurements were performed in the range of 220-850 nm. The scan rate was adjusted to a constant signal/noise ratio of 1000 : 1 with a timeout of 2 s. In the case of HMW-PE samples, measurements were conducted on regions containing no black spots, as they exhibited absorption beyond the detection limit of the system. The Fourier-transform infrared (FTIR) spectroscopy was conducted in vacuum with a Bruker Vertex 80/v spectrometer which is attached to the infrared beamline at the electron storage ring BESSY II [18] . A MCT detector and a KBr beam splitter were used to cover the mid infrared wavelength range. The measurements on 4 mm thick samples were performed in transmission mode employing the empty beam path of the spectrometer as a reference. Spectra of 2 cm −1 resolution were acquired from 256 scans. No normalization procedure was applied; however, the spectra were shifted on the -axis until the baselines overlapped at the bottom of the respective characteristic peak.
Differential scanning calorimetry (DSC) was conducted using a Netzsch DSC 204 F1 Phoenix on samples with a mass of 5-10 mg with two heating runs (heating rate 10 K/min) in a temperature range of −50 ∘ C to 200 ∘ C. The degree of crystallinity was evaluated by dividing the melting peak area (corresponding to the specific melting enthalpy) between 50 ∘ C and 160 ∘ C in the second heating run by the reference value for completely crystalline PE (293 J/g) [19] .
Results
UHMW-PE
3.1.1. Colorimetry. Figure 1 shows the yellowness index (YI) of UHMW-PE that was first irradiated with different doses and then thermally aged at 125 ∘ C. As can be seen from the data points at zero aging time, pure gamma irradiation resulted in a pronounced increase of YI. This has been attributed to allyl or alkyl radicals which were formed by chain scission reactions as a result of irradiation and which act as annealable color centers, as discussed, for example, by Martínez-Morlanes et al. [13] . When these macroradicals are formed in the crystalline regions of the polymer, they are trapped there and are relatively stable, according to [20, 21] . The very high molecular weight of UHMW-PE chains further enhances the stability of these macroradicals, as the low mobility of the chains hinders propagation reactions [22] . On the other hand, pure thermal aging (graph for 0 kGy) only led to a slight increase of YI. Furthermore, the intense discoloration after irradiation was revoked by thermal aging which can be explained by the recombination or oxidation of the trapped radicals enabled by higher mobility of the molecules at the temperature of 125 ∘ C used for thermal aging [20] .
UV-Vis.
UV-Vis measurements were conducted to gain more detailed information on the absorption changes that gave rise to the discoloration in the Vis range and which might show additional features in the UV range. Figure 2 shows the UV-Vis absorbance spectra of the samples. The observed effects of irradiation that are also described in literature are (i) a gradual increase in the total absorbance of the material, indicating the formation of absorbing species such as unsaturations, hydroxyl, or carbonyl groups [23] , (ii) shifting of the curves to higher wavelengths as a result of the formation of conjugated sequences with increasing length [20, 24] , and (iii) formation of a peak around 355 nm which is probably related to the free radicals that form the color centers. On the other hand, pure thermal aging ( Figure 3 ) only led to a slight red shift, probably because of oxidation species mentioned above (i). When the irradiated polymer was subjected to thermal aging, the absorbance spectra gradually returned almost to the initial curve and the red-shifting was revoked (Figure 4) , confirming that the observed color centers were annealable and not permanent. Figure 5 shows the DSC curves of the first heating run both before and after irradiation, corresponding to the material behavior before the application of thermal loads. Besides a shift of the melting peak to higher temperatures after irradiation, it can be seen that, at the aging temperature of 125 ∘ C (marked by the dotted line) that is applied afterwards, the smallest crystals start to melt in both the untreated and the irradiated material. Thus, molecular rearrangements and migration of trapped radicals from the crystalline regions are possible at this temperature, which can enable, for example, radical recombination or postirradiation oxidation [15] as discussed above.
DSC.
In the untreated material, the radicals that were formed by chain scission reactions in the crystalline regions of the polymer during irradiation were trapped there (as reported also in [13, 20] ) until a melting of the crystals occurred during the first heating run of DSC experiments. As the broken chains are shorter and thus more mobile, the polymer chains could arrange themselves into crystals more easily during subsequent cooling, which can be observed as a higher degree of crystallinity of the irradiated samples in the second heating run ( Figure 6 ). As can also be seen in Figure 6 , subsequent thermal aging resulted in a decrease of crystallinity back to the initial level, which is most likely due to radical recombination at the higher aging temperature that led again to longer and thus less mobile chains. This observation is in agreement with the results reported so far in literature [25, 26] .
International Journal of Polymer Science (1200-800 cm −1 ), respectively. Firstly, the formation of carboxylic species, which absorb in the range of 1700-1800 cm −1 [27] , is observed in FTIR spectra after irradiation (Figure 7(a) ). Although the peak signal exceeds the acceptable absorbance value of about 3 according to Lambert-Beer law, the broad base of the signal in this area clearly indicates an oxidation process. For untreated material, no significant changes can be observed. The gradual increase of this peak with radiation dose could be observed in the spectra of purely irradiated samples published previously in [5] . When additional thermal aging is applied for the irradiated sample, the peak gradually decreases almost back to the baseline level. This suggests that carbonylic species are at least partly responsible for the discoloration after irradiation and its reversal after additional thermal aging that was also obvious in UV-Vis spectra. The decrease of the carbonyl peak can possibly be attributed to chain scission at the ketone group, conversion to carboxyl group by further oxidation, and subsequent elimination of CO or CO 2 from terminal carbonyl groups. Furthermore, a peak at 965 cm −1 formed as a result of irradiation [28] . This peak corresponds to the sp 2 C-H bend of trans-vinylene double bonds [29] that probably formed due to abstraction of H radicals and subsequent double bond formation [11] . Pure thermal aging led to an increase of this peak. When the sample is irradiated, a compatible increase is observable; however, it can be seen that this peak decreases when subsequent thermal aging is applied, possibly because of oxidation of the reactive double bonds. Remarkably, compared to the carbonyl bands, the intensity of this band keeps constant and independent from the aging time. This indicates a saturation effect.
HMW-PE.
The second investigated material was a HMW-PE that contained a phenolic antioxidant. High discoloration was observed after gamma irradiation and thermal aging. In contrast to the UHMW-PE samples, black spots appeared in the polymer during thermal aging (Figure 8) , growing in size and number with thermal aging time.
Colorimetry.
The changes in color were quantified through the yellowness index (YI) after * * * colorimetry measurements on each sample (Figure 9 ). While untreated UHMW-PE exhibited a YI of about −30, the YI of untreated HMW-PE yielded a value of −10. A possible reason could be that the antioxidant in HMW-PE slightly alters the material color. In contrast to the UHMW-PE, where thermal aging caused almost no discoloration, both irradiation and thermal aging caused yellowing of the HMW-PE. Two effects apparently contribute to discoloration. One is the discoloration by irradiation that reaches a maximum around a YI of 55 and, as for UHMW-PE, decreases when thermal aging is applied after gamma irradiation. The second effect is the continuous increase of yellowness by thermal aging. As HMW-PE exhibits an additional mechanism that causes permanent discoloration, higher yellowness levels compared to UHMW-PE were reached.
The reversible discoloration after irradiation can be attributed to the same mechanism as in the case of UHMW-PE, namely, the formation of macroradicals that recombine upon aging at higher temperature. As the polymer chains of HMW-PE are shorter compared to UHMW-PE, this happens much faster. Another explanation for the reversible discoloration could be the migration and evaporation of discoloring substances [30] (e.g., evaporation of low molecular weight substances resulting from the decomposition of the antioxidant). The discoloration caused by thermal aging in the antioxidant-containing HMW-PE can most likely be attributed to decomposition products of the stabilizer. For instance, when phenolic stabilizers decompose (either by radical transfer reactions with a polymer macroradical or by oxidation), they may form byproducts such as quinoidal compounds that greatly discolor the material [31] .
UV-Vis Spectroscopy.
The UV-Vis spectra of the HMW-PE samples provide additional information. Pure irradiation (Figure 10 ) led to a general increase of absorbance and a broader peak around 350-400 nm, the same wavelength region as the one where the peak formed after irradiation of UHMW-PE (cf. Figure 2 ). In the case of the untreated HMW-PE, a peak is observed at 282 nm, which can be attributed to a sterically hindered phenolic stabilizer [32] . This absorption peak is probably responsible for the higher yellowness index of the untreated HMW-PE in comparison to UHMW-PE. This peak decreases with thermal aging time (Figure 11 ), while a new peak at 400 nm is formed simultaneously that is most likely related to decomposition products of the antioxidant, for example, the highly color-altering substituted quinone methides which absorb light in the range of 420-465 nm [31] . (The exact wavelength at which the maximum absorbance occurs depends on the exact chemical structure of the quinoidal compound [32] .) When the irradiated samples were thermally aged (Figure 12 ), the broad peak around 400 nm decreases presumably because of recombination of radicals that form the annealable color centers until only the permanent contribution from decomposed antioxidant remains. The fact that the remaining peak height differs from International Journal of Polymer Science Figure 12 : UV-Vis absorption spectra of HMW-PE after irradiation with 600 kGy and subsequent thermal aging at 125 ∘ C. The spectrum for untreated material is given as well.
pure thermal aging might be due to chemical changes of the antioxidant resulting from the irradiation. Figure 13 shows the DSC curves of the first heating run, which corresponds to the material behavior before the application of thermal loads, both before and after irradiation. As for UHMW-PE, at 125 ∘ C (the temperature at which thermal aging is applied afterwards), the melting process has already started, meaning that molecular rearrangements and radical migration are possible at this temperature. Additionally, the melting peak has grown and shifted to higher temperatures after irradiation. Figure 14 shows the degree of crystallinity of HMW-PE calculated from the second heating run of DSC experiments. Firstly, untreated HMW-PE exhibits a higher degree of crystallinity than untreated UHMW-PE (Figure 6 ), probably because the chains of HMW-PE are shorter and thus more mobile than those of UHMW-PE. In contrast to UHMW-PE, the crystallinity changes in dependence of irradiation dose: a decrease can be observed. During thermal aging (except for the most strongly irradiated and thermally aged sample), no change of the crystallinity level can be observed, possibly because the antioxidant prevents oxidation of the chains (which would hinder crystallization) during thermal aging. A possible reason for that can be the cross-linking of chains which lowers mobility and the ability to form crystal layers during cooling after the first heating run, thus leading to reduced crystallinity in the second heating run. Figure 15 (1200-800 cm −1 ), respectively. The principle FTIR spectra of HMW-PE are similar to the ones of UHMW-PE (Figure 7) . However, significant differences are the intense absorption peak at 908 cm −1 and at 1640 cm −1 of the untreated HMW-PE. These peaks are attributed to vinyl chain ends [27] and are probably a result of either chain transfer that occasionally takes place during Ziegler-Natta polymerization [11] or is an indication that the polymer was produced with Phillips-type catalyst containing chromium oxide [33] . Such unsaturations are very reactive [11] and will react quickly with radicals formed by irradiation, which explains why the peak almost disappears after irradiation. When only thermal aging is applied, the peak decreases more slowly. We conclude that these double bonds react favorably with carbon radicals during irradiation, and the presence of oxygen radicals during aging is less critical. Similar to UHMW-PE, irradiation with 600 kGy resulted in the formation of unsaturations in the form of transvinylene bonds in the polymer chain (965 cm −1 , Figure 15 (b)) that decreased after subsequent thermal aging (probably because of oxidation). The formation of carbonyl groups (1750-1700 cm −1 , Figure 15 (a)) behaves very different compared to UHMW-PE. It should be noticed that this area is also affected by additional signal of the antioxidant (∼1735 cm −1 ).
DSC.
FTIR Spectroscopy. FTIR spectroscopy results are shown in
Similar to UHMW-PE, the aging of the untreated material does not influence the signal significantly. However, in contrast to UHMW-PE, the irradiation does not increase the peak significantly; consequently the former observed decrease of the carbonyl signal with aging time could not be observed. We conclude that the activity of the antioxidant suppresses the oxidation process. Similar to UHMW-PE, only a very small carbonyl peak could be observed after one year of thermal aging in the stabilized HMW-PE. However, it is possible that oxidation is concentrated in the black spots that were formed in the material (see Figure 8 ) and that could not be examined by color, UV-Vis, and FTIR measurements. The black spots are probably formed when catalyst residues from polymer synthesis, like titanium chloride (e.g., TiCl 3 ) and chromium (Cr) particles, react with the phenolic antioxidant to produce chromophoric species, such as titanium phenolates [34] [35] [36] [37] . As these catalyst residues promote hydroperoxide decomposition [38] , oxidation preferentially starts at the polymercatalyst interface.
Relevance of Degradation Effects for the Neutron Shielding
Properties. The hydrogen content of the materials is the determining parameter for the neutron radiation shielding. Degradation by gamma irradiation or thermal loads can lead to the scission of C-H bonds, resulting in the release of hydrogen that is no longer of use for the neutron radiation shielding purpose. Evidence that hydrogen is lost is found in IR spectra of both materials in the form of trans-vinylene double bonds (indicating scission of neighboring C-H bonds) and oxidation species (in which oxygen replaces one or two hydrogen atoms). As UHMW-PE contains no antioxidant, a more pronounced oxidation is observed, suggesting a higher hydrogen loss. However, the examined material properties exhibit significant degradation only after applying very high radiation doses. Taking into account the decay behavior of the radioactive content and the limited oxygen availability in the cask assembly, a significant impairment of the shielding capability during service is not expected.
Conclusions
The influence of irradiation and subsequent thermal aging on (U)HMW-PE was studied by colorimetry, UV-Vis, DSC, and FTIR. By irradiation, a clear color change was induced which could partly be neutralized by thermal annealing. The thermal treatment of unirradiated material leads also to an increase in YI which was used to interpret the color changes with aging time. The observed main findings are given in the following for the two materials.
In the case of UHMW-PE, the change in color and UVVis spectra is apparently mostly due to the formation of annealable color centers in the form of trapped radicals that recombine at the higher aging temperature, leading to a reversal of the discoloration and the decrease of the degree of crystallinity back to the initial value. IR spectra also showed clear effects after irradiation that were partly reversible after subsequent thermal treatment.
By contrast, the bulk color change of HMW-PE was mostly permanent. Thus, the major color change was attributed to decomposition products of a phenolic antioxidant. Additionally, black spots appeared after thermal aging, growing in size and number with time, which are assumed to be a result of reactions between antioxidant decomposition products and catalyst residues from polymer synthesis, both of which are not present in the UHMW-PE.
Regarding the neutron shielding properties which depend on the hydrogen content, IR spectra show evidence that hydrogen is eliminated or replaced by oxygen, especially in UHMW-PE and after applying high radiation doses.
However, taking into account the decay behavior of the radioactive content and the limited availability of oxygen in the cask assembly, no significant impairment of the shielding capability is expected during service.
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